Introduction
============

Lung cancer is one of the most common malignancies. In 2012, an estimated 1.8 million new lung cancer cases occurred, accounting for \~13% of total cancer diagnoses cases worldwide ([@b1-ijo-56-02-0470]). Non-small cell lung cancer (NSCLC) accounts for \>80% of lung cancer cases and its 5-year survival rate is \<15% ([@b2-ijo-56-02-0470]). For these reasons, the elucidation of the molecular mechanisms involved in NSCLC carcinogenesis is important for the identification and development of potential therapeutic targets for NSCLC. At present, increasing evidence has shown that noncoding small RNAs participate in the pathogenesis of NSCLC, providing new perspectives for disease biology.

microRNAs (miRNAs or miRs) are 21-24 nucleotide long small noncoding regulatory RNAs that or miRs) are 21-24 nucleotide long small noncoding regulatory RNAs that negatively regulate gene expression at the post-transcriptional and/or translational level by binding to a complementary sequence within the 3′-untranslated regions (UTRs) of target mRNAs ([@b3-ijo-56-02-0470],[@b4-ijo-56-02-0470]). Approximately one-third to half of human genes are directly regulated by miRNAs and thus, they are associated to a variety of biological processes, including cell proliferation, metastasis, differentiation and apoptosis, which are important in the development of cancer ([@b5-ijo-56-02-0470]). Abnormal changes in miRNA expression have been reported to be closely associated with cancer initiation and progression, and therefore, these molecules are key oncogenes or tumor suppressor genes in NSCLC ([@b6-ijo-56-02-0470]-[@b8-ijo-56-02-0470]).

miR-20b is located on human chromosome X, encoded by the miR-106a-363 cluster and divided into miR-17 family members based on the degree of homology of the seed sequence ([@b9-ijo-56-02-0470]). Numerous studies have shown the different roles of miR-20b in various types of cancer. For example, miR-20b was reduced in papillary thyroid carcinoma ([@b10-ijo-56-02-0470]) and renal cell carcinoma ([@b11-ijo-56-02-0470]), showing its tumor-suppressor function. In contrast, the carcinogenic potential of miR-20b has been demonstrated in breast cancer ([@b12-ijo-56-02-0470]), esophageal cancer ([@b13-ijo-56-02-0470]), colorectal cancer ([@b14-ijo-56-02-0470]) and T-cell leukemia ([@b15-ijo-56-02-0470]). However, the biological functions of miR-20b in NSCLC remain poorly understood.

The Wnt/β-catenin signaling pathway is involved in various biological processes, such as cell proliferation, movement, differentiation and cell death, which are necessary for cell development and morphology ([@b16-ijo-56-02-0470]-[@b18-ijo-56-02-0470]). When β-catenin enters the cell nucleus, it can regulate target gene transcription by interacting with the transcription factor lymphoid enhancer-binding factor 1/T cell-specific transcription factor. These target genes, such as cyclin D1 and c-myc, are signifi-cant for cell differentiation, proliferation and apoptosis ([@b19-ijo-56-02-0470]-[@b21-ijo-56-02-0470])

The purpose of this study was to clarify the biological function of miR-20b and its role in regulating Wnt signaling in NSCLC. The findings revealed that miR-20b regulates the canonical Wnt signaling pathway in NSCLC cells to promote proliferation. In addition, we observed that miR-20b activated Wnt signaling by reducing adenomatous polyposis coli (APC) expression. These results elucidated a new mechanism for excessive activation of the Wnt/β-catenin signaling pathway in NSCLC and miR-20b may be a potential therapeutic target for lung cancer.

Materials and methods
=====================

Cell culture and transfection
-----------------------------

Lung adenocarcinoma cell lines (PC-9, H1975 and A549), a non-small cell lung cancer line (H1299), a normal lung epithelial cell line (BEAS-2B) were purchased from the American Type Culture Collection. PC-9, H1975, A549 and H1299 were cultured in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc.). BEAS-2B cells were cultivated in Bronchial Epithelial Cell Basal medium (BEBM; Lonza Group, Ltd.). All culture media were supplemented with 10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc.) with 100 U/ml penicillin and 100 *µ*g/ml streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.). All cells were cultivated at 37°C in a 5% CO~2~ incubator.

Information of the cell lines is as detailed by the supplier as follows: i) BEAS-2B cells were derived from normal bronchial epithelium obtained from autopsy of noncancerous individuals. Cells were infected with a replication-defective SV40/adenovirus 12 hybrid and cloned; ii) PC-9 was originally deposited with the Riken BioResource Center as a cell line derived from human lung adenocarcinoma (undifferentiated type) in 1989; iii) H-1975 is an adenocarcinoma, non-small cell lung cancer cell line; iv) A-549 are adenocarcinoma human alveolar basal epithelial cells and the cell line was developed in 1972 through the removal and culturing of cancerous lung tissue in the explanted tumor of a 58-year-old Caucasian male; and v) H1299 are carcinoma, non-small cell lung cancer cells.

Transfection
------------

miRNA mimics, inhibitors and negative controls were synthesized by Shanghai GenePharma Co., Ltd. and transfection was performed with Lipofectamine™ LTX Reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A total of 1.5x10^5^ PC-9 or H1975 cells per well were seeded in 6-well plates 24 h prior to transfection. The transfection reaction contained 100 *µ*M miRNA diluted in 100 *µ*l Opti-MEM^®^ I Reduced Serum Medium (Invitrogen; Thermo Fisher Scientific, Inc.). Next, 4 *µ*l LTX reagent was added to each sample and incubated for 5-15 min at room temperature. Finally, the transfection mixture was added to the cells and mixed gently. After 48 h, expression levels were detected by reverse transcription-quantitative (RT-q) PCR.

Cell viability assay
--------------------

Cells were seeded at 5,000 cells per well in 96-well plates at 24 h after transfection. The MTT assay was used to determine cell viability at 24, 48, 72 and 96 h after the cells were seeded. Briefly, 20 *µ*l of MTT dye solution (5 mg/ml) was added to each well and continually incubated for 4 h. Then, the supernatant was removed and 150 *µ*l of DMSO was added to stop the reaction. The absorbance at 490 nm was measured.

The results were confirmed by manual cell counts. Here, transfected cells were seeded in 24-well plates at 10,000 cells per well, collected at 24, 48, 72 and 96 h and counted using a hemocytometer.

Colony formation assay
----------------------

After transfection with miR-20b mimics and inhibitors for 48 h, cells were plated in 6-well plates at 5,000 per well and grown for 2 weeks. After 2 weeks, the colonies were washed 3 times with cold PBS, fixed with 4% paraformaldehyde for 20 min and then cells were washed twice with PBS and fixed with methanol/acetic acid (3:1, v/v) for 15 min at room temperature. Then, they were stained with 0.5% crystal violet for 30 min at room temperature. The number of colonies was counted under a light microscope (magnification, x4).

Wound healing assay
-------------------

Scratch wound assays were performed to evaluate the motility of the cells at 24 h after transfection. A total of 2×10^5^ cells per well were seeded in 6-well plates. At 90-95% confluence, the monolayer of cells was scratched with a 10 *µ*l micropipette tip. After removal of cellular debris, the cultures were incubated in RPMI 1640 for 24 h, and recovery of the wound was observed and photographed with a light microscope (magnification, ×10).

Migration and invasion assays
-----------------------------

For the Transwell assays, 8-*µ*m pore size chambers (Corning, Inc.) were used with an insert without (migration) or with (invasion) Matrigel coating (BD Biosciences). At 24 h after transfection, 1x10^5^ cells in serum-free medium were added to the upper chamber. The lower chamber was filled with 10% FBS RPMI 1640. After 24-h incubation, cells remaining on the upper surface of the membrane were removed, whereas cells that had invaded through the membrane were fixed with 0.1% paraformaldehyde for 20 min at room temperature, stained with 0.1% crystal violet for 30 min at room temperature, imaged and counted under a light microscope (magnification, x10).

Nuclear isolation
-----------------

The nuclear fraction was extracted with the nuclear extraction kit (Thermo Fisher Scientific, Inc.). Briefly, 5×10^6^ transfected cells were gently suspended in 500 *µ*l Hypotonic Buffer by pipetting up and down and incubated on ice for 15 min. Then, 25 *µ*l detergent (10% NP40) was added and vortexed for 10 sec at the highest setting at room temperature. The homogenate was centrifuged for 10 min at 3,000 × g at 4°C. The supernatant was the cytoplasmic and the pellet the nuclear fraction.

Immunofluorescence
------------------

After treatment, cells were fixed with 0.1% paraformaldehyde for 20 min at room temperature. The fixed cells were blocked with 5% BSA (Sigma-Aldrich; Merck KGaA) at room temperature for 2 h and then incubated with anti-β-catenin primary antibody (1:1,000; cat. no. 8480; Cell Signaling Technology, Inc.) overnight at 4°C. After washing with PBS at room temperature three times (5 min/each), Goat anti-rabbit fluorescence conjugated second antibody (1:10,000; cat. no. A21245; Invitrogen; Thermo Fisher Scientific, Inc.) was added for 1 h at room temperature and imaged using a confocal microscope (magnification, ×60).

Western blot analysis
---------------------

Transfected cells were lysed in RIPA lysis buffer with protease and phosphatase inhibitors (Roche Applied Science.) to extract the total protein. The concentration of the total protein extract was determined with a DCTM Protein Assay kit (Bio-Rad Laboratories, Inc.). Then, 40 *µ*g total protein lysate were separated on 10% SDS-PAGE gels and transferred to a nitrocellulose membrane. Membranes were blocked with 5% non-fat milk in TBST (5% Tween-20) for 1 h at room temperature. Primary antibodies, including anti-APC (cat. no. 2504), anti-β-catenin (cat. no. 8480), anti-c-Myc (cat. no. 18583), anti-cyclin D1(cat. no. 2978), GAPDH (cat. no. 5174) and lamin B (cat. no. 12586), which were all purchased from Cell Signaling Technology, Inc, were incubated with the membranes at 1:1,000 dilution overnight at 4°C. After the membrane was washed with TBST (3x5 min), fluorescent-conjugated goat anti-rabbit (cat. no. 926-32211; 1:10,000; LI-COR Biosciences) or goat anti-mouse secondary antibodies (cat. no. 926-32210; 1:10,000; LI-COR Biosciences) was added to the membrane at room temperature for 1 h. GAPDH and lamin B were used as loading controls for cellular and nuclear proteins, respectively. The signal intensity of the membranes was detected with an Odyssey Scanner (LI-COR, Inc.).

Isolation of human plasma
-------------------------

Human healthy and lung cancer plasma specimens (20 each) were obtained following the guidelines approved by the institutional review board at Taihe Hospital of Hubei University of Medicine, and written informed consent was obtained from patients in all cases. A total of 40 subjects were enrolled in this study, including 20 NSCLC patients (age, 57.3±9.1 years; male, 14; female, 6) between January 2018 and July 2018, of which 11 patients had tumor resection (stages I, II and IIIA) and 9 patients did not (stages IIIB and IV), and 20 age- and sex-matched healthy volunteers as controls (age, 54.1±9.2 years; male, 15; female, 5; P= 0.081). NSCLC patients were recruited at Department of Respiratory and Critical Care Medicine, Taihe Hospital of Hubei University of Medicine, China. Blood samples were taken before chemotherapy in both operable and non-operable patients. There were no other inclusion or exclusion criteria for this study. Tumors were staged according to the tumor-node-metastasis (TNM) staging system of the American Joint Committee on Cancer ([@b1-ijo-56-02-0470]). None of the patients had received adjuvant chemotherapy or radiotherapy before admission. Informed consents were obtained from all enrolled subjects and the local Ethics Committee approved the protocol.

RNA extraction
--------------

miRNA was extracted with mirVana™ miRNA extraction kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Briefly, after the medium was removed, 0.6 ml lysis buffer with 1% 2-mercap-toethanol was added to the 1×10^6^ cells. The total cell lysate was transferred to an RNase-free tube and the cell pellet was dispersed. One volume of 70% ethanol was added to the cell lysate and mixed thoroughly to disperse visible precipitate. The mixture was transferred to a spin cartridge, centrifuged at 12,000 × g for 15 sec at room temperature and the flow-through was discarded. The spin cartridge was washed with wash buffer I and buffer II, and RNA was eluted with 50 *µ*l of RNase-free water. The RNA concentration was determined and RNA quality was assessed by agarose (1%) electrophoresis.

cDNA synthesis
--------------

The synthesis of first-strand cDNA was carried out following the instructions of the Transcriptor First Strand cDNA synthesis kit (Roche Diagnostics). DNase-treated RNA (1 *µ*g) was used in the synthesis reaction. The RNA sample was incubated with 2 *µ*l random and 1 *µ*l Oligo (dT) primers (with kit) at 65°C for 10 min and then cooled on ice for 2 min. The reaction mixture, containing reaction buffer, RNase inhibitor and reverse transcriptase, was added to the tube and incubated at 25°C for 10 min followed by 55°C for 30 min. The reaction was terminated by heating to 70°C for 15 min. cDNA was stored at −80°C until further use. Primers were designed as follows: U6 for reverse transcription (RT), 5′-GTC GTA TCC AGT GCA GGG TCC GAG GTG CAC TGG ATA CGA CAA AAT ATG GAA C-3′; and miR-20b for RT, 5′-GTC GTA TCC AGT GCA GGG TCC GAG GTG CAC TGG ATA CGA CCT ACC TG-3′.

Quantitative (q) PCR
--------------------

qPCR was performed using FastStart Universal SYBR Green Master Mix (Roche Applied Science). The reaction mixture contained 10 *µ*l SYBR Master mix, 1 *µ*l forward and reverse primers, 0.2 *µ*l template and water to 20 *µ*l. The PCR protocol was 94°C for 10 min, followed by 40 cycles of 94°C for 10 sec and 60°C for 30 sec. U6 and β-actin were used as references for normalization of the expression of miRNA and mRNAs, respectively, and the 2^−ΔΔCq^ method was used to determine the relative expression of each transcript ([@b22-ijo-56-02-0470]). Experiments were repeated at least three times. The RT-qPCR primers were as follows: U6, forward, 5′-TGC GGG TGC TCG CTT CGG CAG C-3 and reverse, 5′-CCA GTG CAG GGT CCG AGG T-3′; miR-20b, forward, 5′-GCC CGC CAA AGT GCT CAT AGT G-3′ and reverse, 5′-CCA GTG CAG GGT CCG AGG T-3′; β-actin, forward, 5′-TCA CCC ACA CTG TGC CCA TCT-3′ and reverse, 5′-GTG AGG ATC TTC ATG AGG TAG TCA GTC-3′; and APC, forward, 5′-AAG CGT ATT GAG TGC CTT ATG G-3′ and reverse, 5′-GGT AAG TAA GAG TGC CAA CCA A-3′.

A549^β-catenin(−/−)^CRISPR-Cas9 sgRNA design and sgRNA cloning
--------------------------------------------------------------

The study was based on Cas9, which was used to target the PAM sequence on β-catenin. The two targeting sequences used to knock out β-catenin were GGA CTC TGG AAT CCA TTC TG and ACC ACA GCT CCT TCT CTG AGA G. DNA oligos were synthe-sized and cloned into pX335-U6-Chimeric_BB-CBh-hSpCas9n (D10A) (cat. no. 42335; Addgene, Inc.). The vector was transfected into A549 cells using Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). The β-catenin knockout cell line comes from our latest publication ([@b23-ijo-56-02-0470]).

Tumor xenograft model
---------------------

Animal studies were approved by the Ethical Committee of Macau University of Science and Technology. BALB/c Nude mice (n=16; age, 6-8 weeks) were maintained under specific pathogen-free conditions and housed in plastic cages in groups of four. Each group contained 8 mice. The housing conditions of the animals were as follows: Temperature 22±1°C, humidity 40-60%, 12-h dark/light cycles and free access to food and water. miR-20b-overexpressing H1975 cells and empty vector control cells cultured in RPMI-1640 were harvested, washed with PBS and re-suspended in medium. A total of 1×10^6^ cells/100 *µ*l were mixed with 50 *µ*l Matrigel and injected subcutaneously into the right forelimb of each nude mouse. Tumor volume was measured using a caliper every 7 days and calculated using the following equation: Volume = (width^2^ × length)/2. At 28 days after inoculation, mice were sacrificed and tumor weights were assessed.

Statistical analyses
--------------------

All data are expressed as the mean ± SEM of three individual experiments. Differences between groups were determined using one-way ANOVA followed by Bonferroni\'s test using GraphPad Prism 5 (GraphPad Software, Inc.) or by paired Student\'s t-test was used to compare two groups. The level of significance was set at P\<0.05.

Results
=======

miR-20b is significantly upregulated in NSCLC cell lines
--------------------------------------------------------

To determine the role of miR-20b in NSCLC, we first investigated and compared its expression in a normal lung epithelial cell line, BEAS-2B, and different types of NSCLC cell lines, namely PC-9, H1975, A549 and H1299. The results showed that the levels of miR-20b in PC-9, H1975, A549 and H1299 were significantly higher than that in BEAS-2B ([Fig. 1A](#f1-ijo-56-02-0470){ref-type="fig"}). Moreover, we compared miR-20b expression in clinical NSCLC samples and healthy donor samples. By analyzing the miR-20b expression levels in the plasma of 20 healthy donors and 20 NSCLC patients, we found that the plasma level of miR-20b was increased in the NSCLC patients ([Fig. 1B](#f1-ijo-56-02-0470){ref-type="fig"}), which is consistent with the results of the cell lines. Taken together, these data indicated that miR-20b was increased in NSCLC cells and tissues and may act as an oncogene.

miR-20b enhances proliferation, migration and invasion of NSCLC cells
---------------------------------------------------------------------

Since the EGFR mutation is a dominant mutation in NSCLC ([@b24-ijo-56-02-0470]), we chose PC-9 (EGFR^exon19del\ E746--A750^) and H1975 (EGFR^L858R+T790M^) for further experiments. miR-20b inhibitors, mimics and negative control were transfected into PC-9 and H1975. Transfection efficiency was measured by RT-qPCR and compared with the miR-NC, miR-20b expression was significantly increased in the presence of the mimics and significantly downregulated in the presence of miR-20b inhibitors in PC-9 and H1975 ([Fig. 1C and D](#f1-ijo-56-02-0470){ref-type="fig"}).

To investigate whether miR-20b acted as an oncogene in NSCLC, cellular function assays were performed after transfection. First, growth curves and colony formation assays were applied to assess cell proliferation. As shown in [Fig. 2](#f2-ijo-56-02-0470){ref-type="fig"}, an increasing level of miR-20b was associated with the cell proliferation rate. Increased miR-20b levels in PC-9 and H1975 significantly enhanced the proliferative capacity, and decreased miR-20b levels significantly suppressed cell growth in PC-9 and H1975.

Next, we used wound healing and Transwell assays to investigate the effect of miR-20b on the migration and invasion of NSCLC cells. Overexpression of miR-20b markedly promoted wound closure compared with the control in PC-9 and H1975 cells, whereas miR-20b inhibitor treatment reduced cell migration ([Fig. 3A and B](#f3-ijo-56-02-0470){ref-type="fig"}). Similar results were observed in the migration and invasion assays. Using Transwell assays with or without Matrigel, we found that in cells with increased miR-20b expression, the number of invasive and migrated cells increased, while miR-20b inhibitors had the opposite effect on NSCLC cells ([Fig. 3C and D](#f3-ijo-56-02-0470){ref-type="fig"}).

In summary, the above data suggested that overexpression of miR-20b promoted cell proliferation, migration and invasion in NSCLC cells, whereas miR-20b inhibitors reduced these functions.

miR-20b promotes the Wnt signaling pathway through regulating APC
-----------------------------------------------------------------

As miR-20b was demonstrated to be beneficial in promoting NSCLC growth *in vitro*, we further explored its role as an oncogene. Previous reports on other types of cancer showed that APC is a downstream target of miR-20b ([@b25-ijo-56-02-0470]). We detected and compared APC expression in normal lung epithelial cells and NSCLC cell lines. As shown in [Fig. 4A](#f4-ijo-56-02-0470){ref-type="fig"}, APC mRNA in PC-9, H1975, A549 and H1299 was significantly lower than in normal lung BEAS-2B cells and APC protein levels were also changed. Additionally, we determined APC levels in cells transfected with miR-20b mimics to increase and miR-20b inhibitors to decrease miR-20b expression. Protein levels of APC were decreased in mimic-treated and increased in inhibitor-treated cells compared with the respective controls ([Fig. 4B](#f4-ijo-56-02-0470){ref-type="fig"}). These data suggested that miR-20b affected the expression of APC.

APC is a negative regulator of the Wnt/β-catenin signaling pathway, which is an essential factor in cancer growth and metastasis ([@b7-ijo-56-02-0470]). To identify whether miR-20b promotes cancer through Wnt signaling transduction, we detected the levels of β-catenin in NSCLC cells transfected with miR-20b mimics and inhibitors. As depicted in [Fig. 4B](#f4-ijo-56-02-0470){ref-type="fig"}, a marked increase of β-catenin was detected in PC-9 and H1975 cells trans-fected with miR-20b mimic, whereas the miR-20b inhibitor decreased β-catenin compared with the respective controls. Immunofluorescence confocal imaging showed an increase in the β-catenin protein expression in PC-9 and H1975 cells overexpressing miR-20b, while transfection with miR-20b inhibitors decreased expression compared with the control ([Fig. 5](#f5-ijo-56-02-0470){ref-type="fig"}). The translocation of β-catenin to the nucleus was enhanced by miR-20b overexpression ([Fig. S1](#SD1-IJO-56-02-0470){ref-type="supplementary-material"}).

In addition, we explored the effects of miR-20b over-expression and knockdown on c-Myc and cyclin D1, which are downstream target genes of the Wnt/β-catenin signaling pathway in cancer ([@b26-ijo-56-02-0470],[@b27-ijo-56-02-0470]). As shown in [Fig. 4B](#f4-ijo-56-02-0470){ref-type="fig"}, protein levels of these genes increased in PC-9 and H1975 overex-pressing miR-20b and decreased in inhibitor-treated cells compared with the controls. These findings suggested that miR-20b enhanced the expression of β-catenin and activated Wnt/β-catenin downstream signaling in NSCLC cells.

miR-20b modulates the Wnt/β-catenin signaling pathway in tumorigenesis through a positive feedback loop
-------------------------------------------------------------------------------------------------------

To investigate the association between β-catenin and miR-20b, we examined miR-20b expression in three different samples, namely A549^WT^, A549^β-catenin(−/−)^ and A549 treated with Wnt inhibitor. The results demonstrated a significantly higher expression of miR-20b and a significantly increased level of APC in A549^WT^ cells compared with A549^β-catenin(−/−)^ and A549 cells treated with Wnt inhibitor ([Fig. 6A](#f6-ijo-56-02-0470){ref-type="fig"}). These assays demonstrated that β-catenin induced miR-20b transcription, and in turn, miR-20b activated the Wnt/β-catenin signaling pathway. Thus, it was suggested that miR-20b and Wnt signaling may be coupled through a forward-positive feedback loop and form a biological regulatory circuit.

miR-20b promotes tumor growth in vivo
-------------------------------------

To further classify the function of miR-20b in NSCLC tumor growth, we used established an *in vivo* xenograft mouse model. H1975 overexpressing miR-20b and control cells were injected subcutaneously into the right forelimb of the mice. As shown in [Fig. 6B and C](#f6-ijo-56-02-0470){ref-type="fig"}, the tumor weight and volume for animals injected with miR-20b-overexpressing cells were significantly higher than those of the control group. These results confirmed that miR-20b promoted tumor growth of H1975 cells transfected with miR-20b *in vivo*.

Discussion
==========

miR-20b levels were reported to be significantly higher in serum exosomes from patients with NSCLC at more advanced stages of disease and the presence of lymph node metastases than in healthy controls, suggesting that miR-20b might be a promising biomarker for the diagnosis of lung cancer ([@b28-ijo-56-02-0470]). In our study, evidence for a new mechanistic link between miR-20b and the Wnt/β-catenin signaling pathway was suggested for NSCLC cells ([Fig. 6D](#f6-ijo-56-02-0470){ref-type="fig"}). We discovered that miR-20b was markedly upregulated in NSCLC cell lines and in clinical NSCLC samples. *In vitro* and *in vivo*, miR-20b overexpression accelerated cancer progression, but miR-20b downregulation suppressed the growth and metastasis of NSCLC cells *in vitro*. In addition, we confirmed that miR-20b regulated the expression of APC, a key negative regulator of the Wnt/β-catenin signaling pathway, leading to activation of the Wnt/β-catenin signaling pathway. Taken together, our findings suggested that miR-20b may function as an onco-miR and may be considered a key target for clinical treatment in NSCLC.

Activation of the Wnt/β-catenin signaling pathway is commonly observed in many types of human malignancy and is considered to promote cancer progression ([@b29-ijo-56-02-0470]-[@b31-ijo-56-02-0470]). APC has been found to be inhibited in cancer, which helps to promote cancer progression via regulation of the oncogenic Wnt/β-catenin signaling pathway. For instance, in human hepatoma cells, miR-106b activated canonical Wnt signaling to enhance cancer progression by directly targeting APC ([@b32-ijo-56-02-0470]). Downregulation of miR-129-5p inhibits growth and induces apoptosis in laryngeal squamous cell carcinoma by targeting APC ([@b33-ijo-56-02-0470]). In addition, the loss of APC function in a mouse model leads to hyper-activation of Wnt/β-catenin signaling and causes colorectal cancer ([@b34-ijo-56-02-0470]). Mice with a heterozygous truncated APC mutant exhibit enhanced Wnt/β-catenin signaling activity and develop mammary adenocarcinomas and subsequent pulmonary metastases ([@b35-ijo-56-02-0470]). Here, we showed that miR-20b inhibited APC expression, which was consistent with the tumor suppressor effect of APC. Overexpression of miR-20b in NSCLC cell lines significantly promoted the proliferation of NSCLC *in vitro* and *in vivo*. Our research revealed a potentially novel mechanism of the miR-20b/APC axis in NSCLC.

Based on the impact of Wnt/β-catenin signaling on cancer progression, anticancer drugs targeting the Wnt/β-catenin signaling pathway have attracted much attention ([@b36-ijo-56-02-0470]). However, most Wnt signaling genes mutated in colorectal cancer, including APC, are tumor suppressors and cannot be directly targeted for therapeutic purposes ([@b37-ijo-56-02-0470]). β-catenin is a proto-oncogene that is a ubiquitously expressed cell adhesion molecule and cannot be used as a drug target ([@b37-ijo-56-02-0470]). Therefore, finding new molecules that play an important role in the inactivation of the Wnt/β-catenin signaling pathway has clinical application potential.

In summary, the results of the present study indicated for the first time that miR-20b and Wnt signaling were coupled through a feed-forward positive feedback loop, forming a biological regulatory circuit. Our results provided evidence that miR-20b promoted NSCLC partially by inhibiting APC and the findings uncover a novel mechanism of Wnt/β-catenin signaling pathway hyper activation in NSCLC. However, there are limitations to this study, including the status of miR-20b and APC in tumor tissue remains unknown. To validate this potential target in the future, the difference between primary lung tumor tissues and adjacent non-tumor tissues could be examined.
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![miR-20b is increased in NSCLC cell lines and clinical samples. (A) Relative expression level of miR-20b in NSCLC cell lines, PC-9, H1975, A549 and H1299, and in BEAS-2B cells determined by RT-qPCR. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. BEAS-2B. (B) Expression level of miR-20b in the plasma of NSCLC patients (n=20) and healthy donors (n=20) determined by RT-qPCR. miR-20b expression detected by RT-qPCR in (C) PC-9 and (D) H1975 NSCLC cells transfected with miR-20b mimics, miR-20b inhibitor or associated controls. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. miR-control. Data are presented as the mean ± SEM. RT-qPCR, reverse transcription-quantitative PCR; miR, microRNA; NSCLC, non-small cell lung cancer.](IJO-56-02-0470-g00){#f1-ijo-56-02-0470}

![miR-20b enhances proliferation of non-small cell lung cancer cells. (A) Growth curves of PC-9 and H1975 transfected with miR-20b mimics, miR-20b inhibitor and miR control. (B) Colony formation assays for PC-9 and H1975 cells transfected with miR-20b mimic, miR-20b inhibitor or miR control. ^\*\*\*^P\<0.001 vs. miR control. miR, microRNA.](IJO-56-02-0470-g01){#f2-ijo-56-02-0470}

![miR-20b promotes migration and invasion of non-small cell lung cancer cells. Wound closure at 0 and 24 h in (A) PC-9 and (B) H1975 cells trans-fected with miR-20b mimic, miR-20b inhibitor or miR-control; scale bar, 100 *µ*m. Transwell (C) migration and (D) invasion assays of PC-9 and H1975 cells transfected with miR-20b mimic, miR-20b inhibitor or miR-control; scale bar, 100 *µ*m. miR, microRNA.](IJO-56-02-0470-g02){#f3-ijo-56-02-0470}

![miR-20b activates the Wnt/β-catenin signaling pathway. (A) Relative mRNA and protein expression levels of APC in non-small cell lung cancer cell lines, PC-9, H1975, A549 and H1299, and BEAS-2B cells. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. BEAS-2A. (B) Western blot analysis of APC, β-catenin, C-Myc and cyclin D1 expression in PC-9 and H1975 cells transfected with miR-20b mimics, miR-20b inhibitor or miR-NC. miR, microRNA; NC, negative control; APC, adenomatous polyposis coli.](IJO-56-02-0470-g03){#f4-ijo-56-02-0470}

![β-catenin expression is regulated by miR-20b. β-catenin expression in (A) PC-9 and (B) H1975 transfected with miR-20b mimic, miR-20b inhibitor or miR-control was observed using immunofluorescence imaging; β-catenin in green and nuclei in blue; scale bar, 200 *µ*m. miR, microRNA.](IJO-56-02-0470-g04){#f5-ijo-56-02-0470}

![miR-20b promotes tumor growth of H1975 *in vivo*. (A) Relative expression levels of miR-20b and APC in A549 (wild type), A549^β-catenin(−/−)^ and A549 Wnt inhibitor cells determined by reverse transcription-quantitative PCR. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. A549. Tumor (B) weight and (C) volume of xenograft tumors derived from nude mice (n=8 per group) injected with control or miR-20b-overexpressing H1975 cells after 28 days. As some of the samples were damaged during the excision process, 5 specimens from each group were presented. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. miR-control. (D) Cell model of the miR-20b mechanism of action. miR, microRNA; APC, adenomatous polyposis coli; P, phosphate; Fzd, frizzled; Dsh, dishevelled; AXIN, axis inhibition protein; GSK-3β, glycogen synthase kinase 3β; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor; LRP, lipoprotein receptor-related proteins.](IJO-56-02-0470-g05){#f6-ijo-56-02-0470}
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